Objective The aim was to describe the safety and efficacy of (S)-ketamine [(S)-KET] in a series of patients with refractory and super-refractory status epilepticus (RSE and SRSE) in a specialized neurological intensive care unit (NICU). Methods We retrospectively analyzed the data of patients with RSE and SRSE treated with (S)-KET in the NICU, Salzburg, Austria, from 2011 to 2015. Data collection included demographic features, clinical presentation, diagnosis, electroencephalogram (EEG) data, anticonvulsant treatment, timing, and duration of treatment with (S)-KET. Outcomes were seizure control and death. Results A total of 42 patients (14 women) with RSE and SRSE were treated with (S)-KET. The median duration of status epilepticus (SE) was 10 days [first quartile (Q1) 5.0, Q3 21.0]; the median latency from SE onset to the first administration of (S)-KET was 3 days (Q1 2.0, Q3 6.8).
Introduction
Refractory status epilepticus (RSE) is defined by failure of two antiepileptic medications and the need for anesthetic treatment. Super-refractory status epilepticus (SRSE) is specified by ongoing or recurring clinical or electroencephalographic seizure activity 24 h or more after initiation of anesthetic treatment [1] . Between 23 and 42 % of all patients with status epilepticus (SE) are refractory or superrefractory [2, 3] , and the mortality rate can increase up to 40 % [4] . Drug resistance in SE is caused by many factors involving molecular and functional maladaptive changes. Modifications in the functional properties of gamma aminobutyric acid A (GABA A ) receptors, as well as an enhanced trafficking of GABA A receptors beyond increased expression of glutamate receptors a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA) receptor and N-methyl-D-aspartate (NMDA) receptor subtypes, which shift to the synaptic membrane, are key elements in the development of drug-resistant SE [5] .
GABA-ergic drugs, such as benzodiazepines and phenobarbital, have a good efficacy in the early stages of SE, but their effectiveness decreases rapidly during the later stages in humans. Therefore, drugs with other mechanisms are recommended for the established and refractory stages of SE [6] [7] [8] .
Ketamine (KET) has a strong antagonistic effect on the NMDA-glutamate receptor. Its half-life is 2-3 h, and KET undergoes an extensive hepatic metabolism [9] . Animal models (hippocampal electrical stimulation or pilocarpine animal models) have demonstrated the efficacy of KET in RSE in rats, even in late stages, when GABA-ergic drugs have failed [9, 10] . The most significant adverse effects of KET are hallucinations and sympathetic adrenergic effects.
KET is a racemic mixture containing equal amounts of two enantiomers: (S)-and (R)-KET. KET is extensively metabolized by N-demethylation, producing norketamine, a non-competitive NMDA receptor antagonist that may also exhibit enantioselective pharmacological activity. (S)-KET has different pharmacodynamic activities and is a two-to threefold more potent analgesic agent than (R)-KET [11] . (S)-KET administered alone has a higher clearance than in the racemic mixture, resulting in quicker elimination, shorter duration of action, and a faster recovery from anesthesia. The S enantiomer was also associated with a more rapid recovery of psychomotor skills than the racemic mixture [12, 13] . Thus the use of (S)-KET in RSE should have clinically relevant advantages.
The aim of this study was to explore the feasibility, efficacy, safety profile, and effect on outcome of intravenous (S)-KET in patients with RSE and SRSE.
Methods

Patients
We retrospectively identified all patients with SE who were treated at the neurological intensive care unit (NICU) of the Department of Neurology, Paracelsus Medical University of Salzburg between 2011 and 2015 (n = 344), utilizing the electronic hospital database. Forty-two out of 344 patients received treatment with (S)-KET. We analyzed demographic data, duration, etiology and type of SE, cotherapeutic agents [antiepileptic drugs (AEDs) as well as other anesthetics], response to (S)-KET, and adverse effects during treatment as well as outcome after SE by retrospective chart review. Diagnosis of SE was made clinically in the case of prominent motor symptoms or by electroclinical criteria for nonconvulsive status epilepticus (NCSE) [14, 15] . The clinical definition of SE was based on the proposal of the International League Against Epilepsy (ILAE) Task Force along two taxonomic criteria: presence of motor symptoms and impairment of consciousness. Hence, we distinguished between (a) SE with prominent motor symptoms (including tonic clonic SE, myoclonic SE, focal motoric SE, tonic SE and hyperkinetic SE) and (b) SE without prominent motor symptoms (NCSE) with or without coma. Etiology was grouped into cryptogenic (unknown cause) and symptomatic (known cause), which were further divided into acute, remote, and progressive symptomatic [16] .
RSE is defined by failure of benzodiazepines, intravenous antiepileptic medications, and the need for anesthetic treatment. SRSE is defined by ongoing or recurring clinical or electroencephalographic seizure activity for 24 h or more after beginning anesthetic therapy [1] . The duration of SE from seizure onset to last documented seizure activity evaluated either clinically (in case of SE with prominent motor features) or with electroencephalogram (EEG) data (in case of NCSE) was grouped into (a) less than 30 min, (b) 30-60 min, (c) 1-24 h, (d) 1-7 days, and (e) more than 7 days. If seizure onset was not observed, the duration of SE was estimated based on the available prehospital information.
Treatment and Outcome
In our hospital, drug management of convulsive SE and NCSE in adults is performed according to our previously published treatment protocols [7, 8, [17] [18] [19] . For convulsive SE and comatose NCSE, we follow the treatment protocol as indicated in Trinka et al. [8] in 2015 and Trinka et al. [19] in 2016. For non-comatose NCSE, we follow a less aggressive approach with benzodiazepines followed by valproic acid or levetiracetam as needed [18] . Cessation of SE was defined as disappearance of ictal symptoms without any subtle signs of ongoing subclinical seizure activity, or electroencephalographic seizure activity within 72 h. For initiation of (S)-KET treatment, a prolonged standard EEG recording was carried out followed by intermittent EEG recording as needed. The decision to use S-KET was based on the treatment protocol and the best practice of the physician in charge. The last AED administered before SE cessation was defined as the termination drug, regardless of the latency between its first administration and SE cessation. To estimate mortality risk, the epidemiology-based mortality score in SE (EMSE) (cutoff level for bad outcome 64 points) [20] was used. Outcome after SE was assessed by the Modified Rankin Scale (mRS).
This retrospective, non-invasive study was approved by the institutional review board.
Statistics
Continuous variables were summarized using median, minimum, and maximum; categorical variables were summarized using counts and percentages. As our sample size is small, which may influence the validity of the logistic regression model, we did not use this model [21] . Instead, we decided to make inference only for some particular variables, which were chosen beforehand. For binary variables, we used Egon Pearson's version of the Chisquared test [22] , and for continuous variables, we used a nonparametric test referred to as the Brunner-Munzel test [23] . Due to the skewness of the respective distributions and small sample sizes (non-responders n = 15, deceased n = 19), this test is more appropriate than the t test or the Wilcoxon test. To adjust the p values for multiple comparisons, we applied the Bonferroni-Holm method [24] .
For the calculation of odds ratio estimates and the corresponding 95 % confidence intervals (CIs), we used the maximum likelihood estimates and the Woolf logit intervals, respectively [25] .
The analysis of the data was carried out using R Ò [26] .
Results
Patients and Demographics
We identified 42 of 344 patients (12 %) with SE who were treated with (S)-KET; three of them had an RSE and 39 an SRSE (Table 1 
(S)-KET Administration
(S)-KET treatment was introduced after a median of 3 days (Q1 2.0, Q3 6.8) of SE. In the majority of patients (83 %), treatment was started via continuous infusion with a median rate of 2.39 mg/kg/h (S)-KET (Q1 1.52, Q3 3.02). Only seven patients received a bolus dose of median 200 mg (Q1 200, Q3 250) followed by continuous infusion. Median duration of (S)-KET administration was 4 days (Q1 2.0, Q3 6.8).
(S)-KET and Propofol
Seventeen patients (40 %) received propofol, 65 % (11/17) of them prior to (S)-KET (at least 12 h and with a maximum of 72 h before) and 35 % (6/17) at the same time with (S)-KET. Propofol dose ranged from 2 to 6 mg/kg/h.
Efficacy
Finally, in 64 % (27/42) of patients (S)-KET was the last drug administered before SE cessation; 15 % (4/27) of them received (S)-KET and propofol at the same time. In the group with propofol as the initial agent, 11 patients got seizure free. In the group with propofol and (S)-KET administration at the same time, SE was stopped in four out of six patients. None of the following variables were related to the termination rate: age, hypoxia, duration of (S)-KET administration, combination with propofol, infusion rate of more than 2 mg/kg/h (S)-KET, the use of a loading dose, and number of previously failed drugs (Table 2) .
Safety
Overall (S)-KET treatment was well tolerated; no adverse effects were observed.
Outcome
The overall mortality rate within 4 weeks of occurrence of SE was 45.2 % of patients (Table 3) , most of whom died due to cardio-respiratory failure. Three months after the occurrence of SE, the mortality rate increased to 55 % (at this time, 85 % of all patients could be followed up), and 12 months afterwards, the mortality rate increased to 60 % (79 % of all patients could be followed up). Only seven patients had a survival time of more than 3 years with an outcome according to mRS; two of seven patients had no significant disability, three severe disabilities, and two moderate disabilities. Older patients had a higher mortality [p = 0.0014, relative effect 0.8 (95 % CI 0.66-0.94)] (Table 4) . No significant differences regarding duration of SE, median infusion rate, use of a loading dose, number of previously failed AEDs, and duration of (S)-KET administration could be identified in our cohort (Tables 3, 4) .
Outcome in Postanoxic Patients
We analyzed posthypoxic patients separately. The termination rate was 64 % (95 % CI 38.8-83.7). The mortality rate 4 weeks after occurrence of SE was 36 % (95 % CI 16.3-61.2). Eight out of 14 patients were treated with hypothermia. Compared to the patients with other etiologies, we could not find any significant differences regarding median infusion rate, loading dose, and duration of (S)-KET administration. Number of previously failed AEDs: median (1st and 3rd quartiles) 3 (2.0, 3. Other important co-variables, such as certain etiologies or age [27] , were independent from termination rate-as well as duration and dose of (S)-KET, combinatorial treatment with propofol, the use of a loading dose, and the number of previously failed drugs. Patients with posthypoxic encephalopathy did not differ in termination rate compared to other etiologies. The majority of them were treated with hypothermia. In our study, the mortality rate was lower than in other studies [28] [29] [30] . This might be explained by differences in the source population. Patients with more severe hypoxic encephalopathies are treated at a different institution. A previous multicenter study suggested a lower response rate when infusion rates were lower than 0.9 mg/ kg/h and when KET followed the failure of seven or more drugs [31] , which was not confirmed by our series. The use of (S)-KET with a higher potency compared with the racemate could be an explanation, but there is no support for this hypothesis from preclinical studies or other case series in humans.
Previous literature on the use of KET in SE for adults is limited to four retrospective case series and a few single case reports [31] [32] [33] [34] [35] [36] [37] [38] [39] [40] [41] [42] [43] [44] [45] . The termination rate in our case series with (S)-KET is largely in line with the results of case series using the racemic mixture [31, 33] . Only one recently published case series reported an outstanding resolution rate of 91 % [32] . The authors of this study explained their high success rate with the early administration of KET and/or propofol (within 24-48 h). However, detailed numbers regarding how many patients received KET within this time were not reported.
One explanation why the higher potency of the S enantiomer of KET was not translated into a higher efficacy compared with the racemic mixture might be the low median dose of continuous infusion used in our study. Our doses of the continuous infusions were quite similar to the doses of other studies with the racemic mixture of KET [31, 33] , whereas our median maximum dose (median 2.55, Q1 2.09, Q3 3.22) was low compared with the studies with intravenous KET where maximum rates of 10.5 mg/kg/h were applied [32] .
Another reason for our relatively low termination rate despite the use of (S)-KET could be the method of drug administration; in comparison to other case series with similar termination rates, a relatively low number of our patients (17 %) received (S)-KET as a bolus dose, which may have resulted in a lower peak brain concentration [31, 35] .
In our study, overall mortality was 45.2 %, which was found to be positively correlated with increasing age, but not with response to (S)-KET. This finding is also supported by the substantial rate of patients with a high EMSE score, indicating an elevated risk of mortality.
Strengths and Limitations
Two limitations of this study are its retrospective study design and single center source. Therefore, there is a risk of incomplete data on seizure onset, duration of SE before treatment, as well as exact clinical manifestation at onset. Furthermore, due to the retrospective design, only the The reported odds ratio represents the quotient of the odds for responding given hypoxia = yes and the odds for responding given hypoxia = no. Analogous interpretations hold for the other odds ratios reported in the table c This quantity can be interpreted as an estimate of the probability that the value of the variable is lower for non-responders than for responders sequential order of AEDs and not the exact timing could be assessed. All patients had several AEDs, and the effect of (S)-KET is hard to distinguish from the cumulative effect of the antiepileptic cocktails including propofol. In addition, the diagnosis of NCSE in comatose patients is impossible without an EEG [18] . Rate of misdiagnosis of NCSE could be minimized by using the electro-clinical diagnostic criteria for NCSE. But still there are borderline EEG patterns, and sometimes there might have been an overlap between NCSE and severe encephalopathies, which might confound treatment response and outcome [20] .
As we have quite small sample sizes, caution was needed when conducting the statistical analyses. We did not use the logistic regression model because small sample sizes may influence the validity of the statistical tests The reported odds ratio represents the quotient of the odds for dying given hypoxia = yes and the odds for dying given hypoxia = no. Analogous interpretations hold for the other odds ratios reported in the table c This quantity can be interpreted as an estimate of the probability that the value of the variable is lower for the alive than for the deceased derived from the model [21] . Instead, we decided to use methods that are reliable even for small sample sizes. Moreover, the Brunner-Munzel test gives valid results also for non-normal, skewed data. However, an analysis accounting for the influence of several variables simultaneously was not possible because of the small sample sizes. Adverse effects attributed to (S)-KET were not assessed. Because of the study's retrospective nature, there was no systematic evaluation of adverse effects. Therefore, under-ascertainment of adverse effects is a weakness of this study, which can only be overcome in a prospective study. This is the largest single center study with (S)-KET and the first report using exclusively the S enantiomer of KET.
Conclusion
Intravenous (S)-KET had a good safety profile when used as a treatment for RSE and SRSE, but we did not find a higher efficacy than that with the racemic mixture. We did not find adverse events; they might be under-ascertained because of the small number of patients. Earlier treatment of SE with (S)-KET or the racemic mixture should be considered.
